The consequences of dose reduction of three new herbicide formulations were studied for the control of annual broad-leaved weeds in fields of spring barley (Hordeum vulgare L.) and spring wheat (Triticum aestivum L.). The herbicide formulations were MCPA/mecoprop-P, MCPA/dichlorprop-P and MCPA/fluroxypyr. The efficacy of the lowest recommended dose and a 30% lower rate were tested and compared with the reference herbicide tribenuron-methyl. Trials were conducted at seven sites for three years. Considerable annual fluctuations in weed infestation were recorded. Although the dose reduction occasionally caused considerable decline in control (on %-scale), suppression of weed biomass was still satisfactory in most of the trials. On average, a 75% reduction of weed biomass in spring barley and an 83% reduction in spring wheat were achieved with reduced herbicide doses. Use of reduced herbicide doses for three years in the same fields caused neither a significant increase in weed infestation nor changes in the species composition of weed populations compared with treatments at recommended rates of application. There was a significant difference in biomass production between weed species. Consequently, the total biomass production of annual dicotyledonous weeds correlated only weakly (r=0.48) with the total weed density. Even in untreated plots the weed biomass at harvest constituted, on average, only 3.1-3.6% of the total vegetative biomass of crop stands. Thus, the crop yield responses to chemical weed control remained low.
Introduction
Reduced herbicide doses have provided adequate control of broad-leaved weeds in many recent cereal experiments (e.g. Baandrup and Ballegaard 1989 , Davies et al. 1989 , Fogelfors 1990 , Kemmer and Hurle 1990 , Proven et al. 1991 , Salonen 1992 . At present, political Action Plans stipulate the reduction ofpesticide use in the Nordic countries (Thonke 1991 , Ympäristöministeriö 1992 . Reduction of herbicide doses is one of the measures suggested and studied to achieve this objective.
In the Nordic countries (Denmark, Finland, Norway, Sweden), herbicides represent 60-80% of total pesticide use (Thonke 1991 , Markkula et al. 1990 . Herbicides are commonly used to control broad-leaved weeds in fields of small-grain cereals, which represent the most widely cultivated crops. Therefore, special attention is paid to optimization of herbicide use in cereal fields as cereals are probably able to out-compete weeds even at low rates of herbicide application.
The recommended herbicide doses given on the product labels are normally suggested by chemical companies and then officially tested and approved by the relevant national authorities. The recommended "normal" dose implicitly ensures reliable weed control in most situations. The use of factoradjusted doses is, however, emphasized by the extension service and computer-based advisory systems (Kudsk 1989 , Baandrup and Ballegaard 1989, Jennéus 1991) .
Formulated mixtures of MCPA/dichlorprop and MCPA/mecoprop are commonly used in spring cereal crops in Finland (Hynninen and Blomqvist 1993) . To date, the commercial formulations of phenoxypropionic acids, dichlorprop and mecoprop, have been mixtures of two optical isomers, R (+> and S w . However, only the R <+) isomer is an active part of herbicide. Recently, these isomers have been separated, and formulations containing only the active isomer have been developed (Squires et al. 1987 ). Replacement of conventional racemic isomers by the new active isomers, dichlorprop-P and mecoprop-P, results in approximately 50% reduction in the use of the active ingredients, dichlorprop and mecoprop. The first commercial products containing active isomers were registered in Finland in 1992.
The purpose of this study was to investigate possibilities for reducing the lowest recommended application rates of the new cereal herbicides by 30%. The risk of failure was assessed, and the consequences of continuous use of reduced herbicide doses on weed infestation were studied. Furthermore, crop yield responses to chemical weed control were measured.
Material and methods
Field experiments were conducted at seven experimental stations of the Agricultural Research Centre. Four stations (Anjalankoski (KYM), Jokioinen (RKA), Kokemäki (SAT) and Mietoinen (LOU)) are located in southern Finland and three stations (Mouhijärvi (SAH), Pälkäne (HÄM) and Ylistaro (EPO)) in central Finland. The same trial protocol was used for three years, 1989-1991, MCPA/fluroxypyr (400/100 g a.i. f l, 'Starane M') was applied to both crops. In addition, tribenuronmethyl (750 g kg ' granular formulation, 'Express 75 DE') (Ferguson et al. 1985) was used as a reference herbicide (Table 1) .
New formulations of phenoxy acid herbicides containing only the optically active isomers of dichlorprop and mecoprop (Squires et al. 1987) were 1985) .
Treatments were arranged as a randomized complete block design with four replicates. Herbicides were applied at the 3-to 4-leaf stage of the crop (Zadoks' scale 13-15 (Zadoks et al. 1974) ) with a portable van der Weij propane sprayer that delivered 200 1 ha 1 spray solution at a pressure of 300 kPa.
Herbicides were applied between the end of May and mid-June, about one month after sowing. The temperature at the time of application ranged from 10 to 25°C, and the relative humidity from 33 to 77%.
The emergence of crops and weeds were monitored before the herbicide application. Crop development (growth stages) and weed emergence were recorded.
Weeds were assessed in 0.25 m 2 sample plots. Annual dicot weeds were counted 0-1 days before spraying (with some exceptions of 2-4 days delay).
Furthermore, the weed infestation (number and airdry weight per unit area) was assessed one month after spraying and at harvest. The relative number of emerged weeds at the time of spraying herbicides was calculated by comparing the number of weeds (No. m 2) at spraying and one month later. Crop yield results are given at 15% moisture content.
The impact of different control regimes on the subsequent weed infestation was assessed one year after the 3-year trial period in 1992. Weeds were counted at the time of spraying herbicides in spring cereal fields.
Statistical analysis
Analysis of variance was applied to weed and crop data by introducing Year as a within-subject factor and Site , Treatment and Block as between-subject factors. The random factor Block was nested in the site. The biomass ofweeds, as a dependent variable, was transformed with the common logarithm log(y+l) to achieve normal distribution and homogeneity of variances. Weed density (No. rri 2 ) was transformed with square root. The data from unsprayed plots were excluded from the final statistical analyses. The effect of herbicide dose reduction was tested with single degree-of-freedom contrasts. The effect of weed infestation (density, biomass) on crop yield was tested with regression analysis. Statistical analyses were done with the General Linear Models procedure of the SAS statistical package (SAS Institute Inc. 1990 ).
Results

Occurrence of weeds
Weed density at the time of herbicide application varied within the range of7-702 weeds m' 2 ( Fig. 1) .
Also, the relative number of weeds which emerged before herbicide application, compared with the number of weeds per unit area one month later, varied considerably (Fig. 2 ). On average, 72% of the annual dicotyledonous weeds emerged before spraying. Crop plants usually reached at least the second leaf stage (Zadoks' scale 12-13) before the first flush of weeds. Most weed seedlings were between the cotyledon stage and the first true-leaf stage at the time of herbicide application. The predominant weed species in the experimental fields were typical of Finnish cereal fields (c.f. Erviö and Salonen 1987 SAT) where there were trials with turnip rape some years before the experiment.
The weed biomass (air-dry weight, DW) in the untreated plots ranged from 0.4 (SE 0.2) to 61.5 (SE ) and Fallopia convolvulus (L.) A. Love (0.15 g DW plant 1 ). The biomass production of barley averaged 1.10 g plant 1 and that of wheat 1.02 g plant 1 at the four sites where both crops were grown in the same field.
Herbicide efficacy
Generally, all herbicides were effective when applied at the lowest recommended dose, and 30% dose reduction reduced the efficacy, on average, by less than 10 percentage units (Fig. 3) . However, a significant (P<0.001) Year*Site*Treatment interaction was detected (Table 3 ). This indicates that there were differences in the effectiveness of weed control between sites and between years within a site. Tribenuron-methyl was the most effective herbicide in most trials (Fig. 4) , particularly when Matricaria spp. and Lamium spp. (EPO, LOU) were the predominant weed species.
The reduction in herbicide efficacy was considered significant if 30% dosereduction caused more than 15% reduction in efficacy (on %-scale) compared with the efficacy achieved with the recommended dose. In wheat trials such a reduction (>15%) in the biomass-based efficacy occurred in 29% of plots treated with MCPA/mecoprop-P, and in 14% ofplots treated with MCPA/fluroxypyr. The corresponding figures for barley trials were 8% with MCPA/dichlorprop-P and 19% with MCPA/fluroxypyr.
To describe the probability of achieving a certain level of weed control, herbicide efficacy was calculated for each treatment within each replicate and theresults wereranked in four efficacy classes (Fig.  5) in wheat. Dry weight of weeds was significantly (P<0.01) higher in unsprayed than in sprayed plots. To simplify the ANOVA analyses, data from the unsprayed plots were not included in the final analyses (Table 3) . Only in some fields was the weed biomass signifi- Fig. 3 . Efficacy of herbicides determined as % reduction of weed density (light bar) and dry weed biomass (dark bar). The mean efficacy and the SE of the mean in a) 12 spring barley trials and b) 21 spring wheat trials during 1989-1991. cantly higher in the plots treated with reduced doses than in the plots treated with normal doses. In general, weeds produced more biomass in wheat stands than in barley stands (Fig. 4) .
The dose reduction of MCPA/mecoprop-P decreased the effect of control particularly against Myosotis arvensis (L.) Hill, Matricaria spp.. Polygonum L. spp. and Viola arvensis. Similarly, the dose reduction of MCPA/fluroxypyr significantly decreased (>lO %-units) the efficacy against Fumaria officinalis , Matricaria spp., Polygonum spp. and Viola arvensis. Conclusions concerning MCPA/dichlorprop-P were not drawn due to the limited number of observations.
Crop-weed interactions
The yield of spring barley and spring wheat averaged 4,900 kg ha 1 and 3,700 kg ha' 1 , respectively.
In the trial plots treated with herbicides the mean yield of wheat was 1.9% higher and barley yield was 4.0% higher than in untreated plots. The monetary value of such a yield increase ranges from FIM 150 to FIM 300 which is sufficient to cover the average cost of (FIM 100) herbicides for broadleaved weed control. Herbicide treatment did not reduce crop yield significantly (P<0.05) in any trial.
There was no significant difference in the mean crop yield from plots which received a recommended dose and those which received a reduced dose of herbicide. Only in one trial from 21 wheat trials did the dosereduction of MCPA/mecoprop-P result in a significantly (P<0.01) lower wheat yield, and once, in the same trial, with a reduced dose of MCPA/fluroxypyr (P<0.02).
The proportion of weed biomass from the total vegetative biomass of cereal fields was relatively low (Table 4) . Correlation between weed biomass at harvest and crop yield was weak (r<-0.50). Graphing data did not reveal any clear relationship between weed biomass and crop yield. The relationship between yield response and weed infestation (density, biomass) was analyzed with linear and non-linear regression. In these analyses the weed infestation accounted for less than 10% of the total variation in crop yield. Thus, no reliable threshold value between weed infestation and crop yield response was found.
Impact of weed control on the subsequent weed infestation
The weed density in 1992, pooled across the sites, was significantly (P<0.05) higher in plots not sprayed with herbicide (158 weeds m 2) than in sprayed plots (99 weeds m 2). Contrast comparison by site revealed no statistically significant (P<0.05) differences in the weed densities following from the recommended and the reduced rate applications of any herbicide formulation. The subsequent effect of herbicide treatments on the weed infestation at spraying in the following years was analyzed with a repeated measurements analysis starting from 1990, one year after the start of the experiment, and including data from 1991 and 1992. A significant difference in weed densities in the unsprayed and sprayed plots was detected, but there was no significant (P<0.05) difference between weed densities in sprayed plots.
Significant changes in the species composition of weed populations due to the chemical control were not found. The start of the growing season in 1992 was extremely dry, and weed densities were low even in unsprayed plots.
Discussion
Differential sensitivity of weed species to herbicides and species-specific doseresponses were detected. The results are in accordance with those from earlier studies (e.g. Pallutt 1988, Salonen 1992 a) and advocate careful annual decision-making for chemical control of weeds.
All herbicide formulations were found appropriate for use in fields of spring cereals in terms of weed-kill and crop safety. Tribenuron-methyl provided, on average, the best weed control (Fig. 3) . MCPA/fluroxypyr had no clear advantage over other herbicides since Galium L. spp. did not occur frequently in the trials.
Herbicide formulations and the time of application (related to crop growth) were predetermined in our experimental protocol and not selected according to the prevailing weed species and their growth stages. Herbicide application according to crop growth stage resulted in low herbicide efficacy in some trials, particularly in terms of the effect on weed density (Fig. 3) . This was due to late emerging weed seedlings, particularly in sparse crop stands. The delay in weed emergence was typical of dry growth conditions. Delayed herbicide applica- tion within the recommended treatment interval would obviously have given better efficacy in such situations. However, the time of application is not considered an equally important factor as the choice of herbicide (Junnila 1990) .
The competition pressure of the annual dicotyledonous weeds was relatively low, and their proportion of the total vegetative biomass was often negligible compared with the crop biomass. This was evidently a consequence of the earlier emergence of the crop plants relative to the weeds. It is suggested that the relative time of emergence is an important factor in crop-weed competition (e.g., HÅKANSSON 1983 , Cousens et al. 1987 , Kropff 1988 .
Crop yield responses to chemical weed control were small at normal and reduced herbicide doses. The largest yield increases, over yields from unsprayed plots, with herbicide application were achieved at LOU in 1989, where volunteer oilseed rape was the main weed species. Generally, the weed biomass was negligible compared with crop biomass. Consequently, no reliable relationship between weed infestation and yield response was established.
The herbicide rates applied were appropriate, since herbicide application did not cause any significant reductions in crop yields. The only visual phytotoxic symptom was a typical transient discoloration of crop foliage caused by tribenuronmethyl. In contrast, herbicide treatments have been shown to reduce crop yields (Jensen 1985 , Davies and Whiting 1990 , Salonen 1992 , particularly when unnecessarily high herbicide rates are applied. Mayes (1980) compared herbicide applications, with products based on phenoxy alkanoic acids, over a range of cereal growth stages. He concluded that, in the absence of weeds, crop yields were not depressed following application of herbicides at their recommended rates before the first node stage of crop. However, incidence of yield reduction was more frequent when high rates were applied at late crop growth stages.
Official recommendations for herbicide doses could be reduced by approximately 30% provided that conditions for the use oflow doses were clearly stated on product labels. Failures in chemical weed control are likely to increase if farmers use reduced herbicide doses incautiously. The reductions in efficacy (Figs. 3, 4 and 5) will not inevitably lead to any long-term increase in weed infestation nor to crop yield reductions, since the current weed infestation and its influence on cereal stands is often low even in unsprayed fields (ErviÖ et al. 1991) . However, crop cover and evenness of crop stands are important factors in determining the optimal dose of herbicides (Niemann 1990) .
Recommended rates of herbicide application are still needed against relatively tolerant weed species and in delayed applications against more developed weed seedlings. The product labels should, however, include some informationabout the possibilities to reduce doses. Primarily, these recommendations should be related to weed species. The available information about dose responses of different weed species is relatively comprehensive. Secondly, the precise time of herbicide application, during the early stages of weed growth, should be emphasized more than the crop growth stage.
A wide range of weed densities was recorded in the trials. Any clear tendency towards increasing weed densities could not be detected even in unsprayed plots within the 4-year recording period (Fig. 1) . This was partly due to the extreme drought in 1992, which apparently hampered the weed emergence. Considerable and nonpredictable annual variation in weed density in spring cereal experiments has also been recorded e.g. in Norway (Fykse 1993). Reduced herbicide doses maintained the weed densities at the same level as the normal doses. Similar results were reported from Denmark by Jensen (1991) who compared the effects of normal and a half normal doses of herbicides in spring barley fields over ten years. One explanation for good results with reduced herbicide doses is that reduced doses have been shown to suppress weed seed production to the same extent as normal doses (Pedersen and Rasmussen 1990 , Andersson 1993 , Rasmussen 1993 . No reliable density-based threshold values for chemical weed control were established either in this study or in earlier experiments (Bleiholder andNuYKEN 1986 , Davies etal. 1989 , Erviö etal. 1991 . A reduction in the rates of application of herbicides would represent a feasible means of reducing their use, with all the accompanying benefits for the environment, while maintaining weed infestation in cereal fields at the current low levels. Unfortunately, not all treatments are profitable in terms of crop yield increase (Jensen 1985 , Erviö et al. 1991 .
Although some results are pooled across years and sites, the main conclusion reached from the series of field experiments is that the decision-making for chemical weed control is a site-specific problem, and even seasonal variations should be considered. A broad range ofherbicides is available for diverse weed control problems in cereals. The profitability of cereal production can be increased by choosing appropriate herbicide formulations, and by applying timely optimal doses.
